Unbalanced vibrations of axial threshing cylinders on a combine harvester were coupled to each other through a frame. e intensified unbalanced vibration will shorten the working life of the axial threshing cylinder. In this paper, the theoretical modes of the axial threshing cylinder were carried out by using finite element analysis software ANSYS. e axis trajectory and speed fluctuation of the axial threshing cylinder under no-load state and threshing state were tested and analyzed. According to the amplitude and axis trajectory of the transmission shaft, as well as the variation law of the axial threshing cylinder speed, the influence of rice straw on the vibration under the threshing state was revealed. e rotation speeds of cylinder I and cylinder III were adjusted, and the amplitude of cylinder II transmission shaft was analyzed when cylinder II was under stable condition. en the disturbance and coupling relationships among the unbalanced vibration of axial threshing cylinders were compared. Test results showed that the rotational frequency of the axial threshing cylinder was not in its resonance interval at rated speed. When the axial threshing cylinder was threshing, the horizontal amplitude increased by 0.366 mm. e vertical amplitude increased by 0.697 mm. e speed decreased from 763 rpm to about 750 rpm. e rotational frequency of the axial threshing cylinder would not cause the resonance. With the feeding of rice, the amplitude of the axial threshing cylinder increased slightly and the operating speed was lower than the rated speed. e unbalanced vibration of the axial threshing cylinder transmitted along the frame and coupled with each other, causing the vibration of the axial threshing cylinder to be intensified.
Introduction
During the rice threshing process, an axial threshing cylinder was wound and restrained by the rice straw, which caused a deviation between the center of mass and the centroid of the axial threshing cylinder. When the axial threshing cylinder rotated, it produced unbalanced vibration and reduced its life. e unbalanced vibration of the axial threshing cylinder transmitted along the frame.
e unbalanced vibration among axial threshing cylinders disturbed and coupled with each other and then caused the structural resonance and even the working failure of the axial threshing cylinder.
e axial threshing cylinder often exhibited speed fluctuation and unstable load during the threshing process. It could produce nonstationary vibration signals. e vibration signals could provide abundant system dynamics information for monitoring and diagnosing the state of the rotating machine [1] .
ere were many rotating mechanisms in a rice combine harvester, but the internal structures were not easy to observe. e vibration characteristics could be analyzed by vibration signals. Gao et al. studied the vibration characteristics of a crawler full-feed combine harvester under different feed rates in field [2] . It was found that the vibration of the combine harvester intensified under working condition, and axial threshing cylinders were the main sources of excitation in the machine's horizontal direction. Excessive vibration could cause the driver to feel uncomfortable during harvesting process. Kociolek et al. studied the vibration transmission of a four-wheeled motor vehicle while it was operated on a farmland. He found that resonant frequencies may amplify vibration transmitted to the head/neck and increase risk of musculoskeletal disorders [3] . In order to reduce the vibration of the combine harvester under working condition, many scholars improved the structure of a combine harvester. Yao et al. analyzed the impact of excitation frequencies of key components and pavement roughness on a corn combine harvester and optimized the structure of the frame [4] . Li et al. performed a modal test on a compression device of a combine harvester and found that the second-order modal frequency of the compression device was within the excitation frequency range of the axial threshing cylinder. e resonance phenomenon was obvious under working condition [5] . Zhang calculated the optimal combination of weight distribution position and mass on the cutting structure and solved the vibration problem of the cutting structure of the crawler combine harvester [6] . Chuan-Udom developed 3 types of new cutter bar drivers to reduce the vibration of the rice combine harvester [7] . It can be seen that the structural vibration of the combine harvester has attracted the attention of a large number of scholars. ere were also many reports on the structural vibration of the combine harvester.
ere were numerous rotating mechanisms in a combine harvester, and the rotating mechanisms were prone to be speed fluctuation during high-speed operation. Yoshino et al. suppressed the vibration of a machine's rotating shaft by changing the transmission shaft speed and enabled easy setting of the fluctuation parameters [8] . Solmaz and Karabulut established a mathematical model for engine speed fluctuations and studied the effects of pressure changes in the cylinder on engine speed fluctuation [9] . e unbalanced vibration of the rotor could be analyzed by the rotational speed fluctuation. Felber and Pfeiffer invented a device for identifying the rotor's rotational speed fluctuation characteristics. ey described its local vibration mode by analyzing the rotor local variables [10] . Yang et al. analyzed the vibration response of the rotor during acceleration and deceleration and proposed a method for parameterized TFA analysis of nonstationary vibration signals of variable speed rotating machinery [11] . Wang et al. applied the statistical energy analysis method to establish the relationship between the linear vibration energy coupling strength and mode density [12] . Brischetto et al. used the three-dimensional exact solution and twodimensional numerical solution to analyze an axial threshing cylinder free vibration [13] . Zhou et al. analyzed the modality of the threshing cylinder and verified reliability of the structure by ANSYS [14] . e axial threshing cylinder was an important part of the combine harvester. However, the rotation of the threshing cylinder would cause the frame to vibrate and reduce the frame reliability. In particular, there were few reports on the vibration state and cause for vibration of an axial threshing cylinder under working condition.
Because the axial threshing cylinder was wound and restrained by rice straw, it produces unbalanced vibration during the rice threshing process. In order to suppress the unbalanced vibration during the rotor rotation, Wu studied the influence of the motor eccentricity on the dynamic response of the spindle. e results showed that the motor eccentricity had a significant effect on the spindle vibration. It greatly reduced the machining quality [15, 16] . Eissa and Saeed proposed a controller with a 1 : 1 internal resonance coupled to the system to control the rotor system nonlinear vibration [17] . Liu and Shao offered a new vibration modeling method for lubricated roller bearings that provided precise pulses from the bearing race surface [18] . Lee et al. simulated the structural vibration of the self-oscillating cylinder and rigid fixed cylinder during eddy current coupling [19] . Bourguet and Lo Jacono explored the eddy current vibration law generated by the forced-rotating cylinder through simulation analysis [20] . Li and Zhu investigated the coupling mechanism between shafting vibration and stiffness in a pumping unit. A computational principle and method were proposed to calculate the stiffness of a vertical water pump unit based on a lumped parameter model [21] . So far, there were few studies on the unbalanced vibration of the axial threshing cylinder during the threshing process and the mutual disturbance and coupling among the unbalanced vibration of the co-frame multicylinder. During the threshing process, the mutual disturbance and coupling among axial threshing cylinders increased the unbalanced vibration. However, the vibration mutual interference and coupling characteristics among the co-frame multicylinders were not clear.
ere were 3 parallel threshing cylinders on the multicylinder test bench. Cylinder II located in the middle was chosen as the subject investigated in this paper. e influence of two adjacent threshing cylinders on the same frame to cylinder II was studied. Firstly, the basic characteristic of cylinder II was studied.
e modal analysis of the axial threshing cylinder was carried out by the finite element analysis software ANSYS Workbench.
e axis trajectory and the speed fluctuation of the axial threshing cylinder under the no-load state and the threshing state were tested and analyzed. According to the amplitude and axis trajectory of the transmission shaft, as well as the speed fluctuation law of the axial threshing cylinder, the influence law of vibration caused by rice straw entanglement under the threshing state is revealed. en by analyzing the bearing housing amplitude variation and the change of the transmission shaft axis trajectory, the mutual interference and coupling characteristics among the vibration of the co-frame multicylinder were revealed.
Materials and Methods

Co-Frame Multicylinder Test Bench in Rice reshing.
is paper took the co-frame multicylinder test bench as the subject to investigate. e test bench consisted of a conveyor belt, conveying trough, tangential threshing cylinder (cylinder I), axial threshing cylinder I (cylinder II), and axial threshing cylinder II (cylinder III). Figure 1(a) showed the array of structure drawing of the co-frame multicylinder test bench. Rice entered cylinder I, cylinder II, and cylinder III in sequence along the conveying trough. e cylinders were arranged in parallel on the frame. e position relationship among the cylinders is shown in Figure 1 (b). Figure 2 e material properties of cylinder II need to be set before the finite element analysis. Cylinder II was made of Q235 ordinary carbon structural steel. e modulus of elasticity was 210 GPa. Poisson's ratio was 0.3. e density and yield strength were 7850 kg/m 3 and 235 MPa, respectively.
Meshing was the most important step in preprocessing of finite element simulation. e increase in the number and density of meshes could lead to more accurate simulation results, but the solution time would increase accordingly.
e solution efficiency would be affected. Bermejo et al. compared two practical methodologies for modeling the collapse of reinforced concrete structures.
e results showed the continuum finite element model was more accurate for interpreting local failure but have an excessive computational cost [22] . Excessive mesh size led to the decrease in the quality of the meshes, resulting in inaccurate calculation results and even aborting the calculation. When setting the meshing parameters, the accuracy of the simulation results and the time required for the simulation should be considered comprehensively. e automatic method was used for meshing of cylinder II. e meshing method was automatically selected according to the shape of the entity. e sweepable entities were preferentially divided by the sweep method, and the nonscanning entities were divided by the patch conforming algorithm. Because cylinder II had a minimum structural thickness of 4 mm, the mesh size was 4 mm. e number of generated meshes was 530,715, and the number of nodes was 1,013,521. e meshing result is shown in Figure 3 (a).
e modality was the inherent property and characteristic of cylinder II. When cylinder II was threshing, the modality of cylinder II was changed by restrictions. e modality restricted under no-load state is shown in Figure 3 (b). Both axial ends of cylinder II were cylindrical constraint positions shown as Point A and Point B. Cylinder II can only rotate around its transmission shaft. In addition to Point A and Point B, cylinder II was also subjected to the resistance of the rice under the state of containing rice. e transmission shaft was subjected to the torque.
Analysis of
reshing Vibration Response of Axial reshing Cylinder. Due to the uneven material of the axial threshing cylinder and unavoidable error factors such as cutting and assembly errors, the center of mass and the centroid of the axial threshing cylinder were not coincident.
ere would be a certain eccentricity between them. e eccentricity of the axial threshing cylinder would generate centrifugal force. It could cause vibration and aggravate the wear of the bearing. e axial threshing cylinder could be caused to go out of order at high speed. e assembled axial threshing cylinder was subjected to dynamic balance test before delivery. e amplitude of the transmission shaft was always within safe limits when the axial threshing cylinder was under no-load state. e axial threshing cylinder would not break down due to long-term severe vibration. To easily correct the unbalancing condition of the crankshaft system, Zhang and Zhang designed the unbalancing adjustment equipment based on the flywheel structure. e balancing effect of the field dynamic balancing system has been verified by field experiments [23] .
e rice wounds on the axial threshing cylinder and rotates with it together during the threshing process, so the axial threshing cylinder that had passed the dynamic balance test produces an eccentricity again and increases the probability of failure of the axial threshing cylinder. Bai and Zhang analyzed the mechanical unbalanced forces and the unbalanced magnetic force on the rotor and found that Shock and Vibration 3 the excitation had strong influence on the vibration mode and stability of the shaft system [24] . In order to study the variation characteristics law of the axial threshing cylinder during the threshing process, the vibration response of three axial threshing cylinders was analyzed at the rated speed.
Axis Trajectory Test.
Eddy current sensors are widely used in large-scale rotating mechanical shaft vibration and axial trajectory testing. Compared with the contact measurements, they have wide measuring range and strong antiinterference ability. Eddy current sensors can collect various parameters of vibration more accurately. e eddy current sensor used for the axis trajectory test of the axial threshing cylinder is shown in Figure 4 (a). e eddy current sensor was produced by Chinese Donghua testing company (5E106 eddy current sensor). It mainly consists of a magnetic probe, an extension cable, and a preamble. e performance index and technical parameters of 5E106 eddy current sensor are shown in Table 1 .
Two eddy current sensors were arranged perpendicular to each other at the axial end of cylinder II by using a magnetic base. Two sensors were used to measure the horizontal and vertical displacements of cylinder II. By synthesizing the signals measured by using the sensors, the axis trajectory curve could be obtained. Figure 4 (b) shows the axial trajectory test site of cylinder II.
Analysis of Speed Fluctuation.
e photoelectric sensor was produced by Chinese Donghua testing company (DH5640 photoelectric sensor).
e reflective label was attached to the transmission shaft of the axial threshing cylinder. e laser tube was directed to the reflective label to emit laser light. en, the reflective label returned part of scattered light to the sensor receiver and became a pulse output through the internal processing circuit.
e performance index and technical parameters of the DH5640 photoelectric sensor are shown in Table 2 .
Vibration Test of Bearing Housing.
e DHDAS dynamic signal analysis system, DH5902 signal acquisition instrument, signal generator, computer, and 356A16 threecomponent acceleration sensor were used to test the vibration of the bearing housings.
e DH5902 signal acquisition instrument is shown in Figure 5 .
e modal test equipment component is shown in Table 3 .
Results and Discussion
Finite Element Analysis of Axial
reshing Cylinder. e mode shapes under the no-load state were solved by ANSYS Workbench, which are shown in Figure 6 . e mode characteristics and frequencies of the first eight modes of cylinder II are shown in Table 4 . e x direction represented the front and back directions, and the increasing direction represented the back direction. e y direction represented the up and down directions, and the increasing direction represented the up direction.
e z direction represented the left and right directions, and the increasing direction represented the right direction.
Modality had infinite orders. Since the low-order vibration had a great influence on the structure of cylinder II, only the first 8 modes of cylinder II were taken for analysis. Tang et al. solved the restricted and working modalities of the tangential threshing cylinder by ANSYS software [25] . Some of the mode characteristics of the axial threshing cylinder were similar to those of the tangential threshing cylinder. Because the structures of cylinder II and the tangential threshing cylinder were similar, the results obtained by finite element analysis had certain credibility.
It can be seen from Table 4 and Figure 6 that the natural frequencies of the 1-8th modes were below 160 Hz. e 2nd order and 3rd order modes were local modes of the middle wheel, and the other modes were all holistic modes. When the external excitation frequency is in the range of 50-75 Hz, the middle wheel may become the local weak point. e rated speed of cylinder II was lower than 1000 rpm. e Due to the external influences caused by the modal changes, Chen et al. studied the modal of the axial-flow pump rotor system in water and the impact of water on the modal to avoid resonance [26] .
e axial threshing cylinder would be entangled by rice under the threshing state.
So the modal of the axial threshing cylinder probably changed and caused the resonance. Using the same method to simulate the modality of cylinder II in the state of containing rice, the results were similar to the modality under no-load state.
e significance of mode analysis is to understand the resonant region of the structure and provide guidance for structural design. It is the basis for other dynamics characteristic analysis. It can provide a basis for the structural design of vibration characteristics, vibration fault diagnosis, and optimization design of structural dynamic characteristics. Figure 7 (a). e maximum displacement, minimum displacement, average displacement, and standard deviation in the horizontal direction were 0.422 mm, −0.194 mm, 0.155 mm, and 0.114, respectively.
Analysis of reshing Vibration
e maximum displacement, minimum displacement, average displacement, and standard deviation in the vertical direction were 0.273 mm, −0.297 mm, −0.047 mm, and 0.133, respectively. e axis trajectory of cylinder II under the threshing state is shown in Figure 7 (b). e maximum displacement, minimum displacement, average displacement, and standard deviation in the horizontal direction were 0.401 mm, −0.581 mm, −0.093 mm, and 0.221, respectively. e maximum displacement, minimum displacement, average displacement, and standard deviation in the vertical direction were 0.421 mm, −0.846 mm, −0.223 mm, and 0.237, respectively. Compared with the no-load state, the horizontal amplitude of cylinder II increased by 0.366 mm. e average value of the displacement moved 0.248 mm to the negative direction.
e vertical amplitude increased by 0.697 mm, and the average value of the displacement moved 0.176 mm to the negative direction. Saito et al. predicted the nonlinear forced vibration response of a turbine engine rotor with a cracked blade [29] . e results showed that the cracked blade could cause an imbalance of the system. ere were the same conclusions in this paper. It indicated that rice load could affect the balance of cylinder II and intensify the vibration under threshing state. e main range of vibration would shift.
e axial trajectory in Figure 7 covered with each other due to the long test time. e amplitude and distribution range of the axis trajectory could only be observed as a whole. It is necessary to reduce the number of curves to explore the pulsation law of the axis trajectory. As shown in Figure 8 , the time interval of the test data was shortened to 0.1 s.
As shown in Figure 8 (a), the axis trajectory of cylinder II under no-load state was disordered. e amplitude of each rotation was greatly different, and the distribution range of the curve was relatively dispersed. e axis trajectory of cylinder II under the threshing state is shown in Figure 8 (b). Although the amplitude was increased compared to the amplitude under no-load state, the distribution range was concentrated. e directions and amplitudes of the vibration generated by each rotation were substantially the same. [30] . So the measured fluctuation range of speed under no-load state was normal. When cylinder II was under threshing state, the speed of cylinder II fluctuated around 750 rpm. And the fluctuation range was between 744 and 754 rpm. When the input power was constant, the speed of cylinder II under threshing state was lower than it under noload state. But the fluctuation range increased. It showed that threshing process affected the speed and stability of the axial threshing cylinder. e rice twined around the axial cylinder and increased the load of cylinder II. So the speed decreased under threshing state. Because the rice twined around the cylinder unevenly, the stability of the axial threshing cylinder was destroyed.
Analysis of Speed
Cylinder II generated excitation frequency when it rotated. If the excitation frequency was close to the natural frequencies, cylinder II would resonate. e excitation 
Analysis of Vibration Coupling Characteristics of Co-Frame
Multicylinder. Cao et al. analyzed the vibration characteristics of a cylindrical shell-circular plate coupled structure subjected to various boundary conditions. e effects of several significant factors, including the restraint stiffness, the coupling stiffness, and the situation of coupling, were presented [31] . As a cylindrical object, the single axial threshing cylinder system also had the similar vibration characteristics similar to those of the cylindrical shellcircular plate-coupled structure. Compared to the single axial threshing cylinder system, the vibration characteristics of the co-frame multiroller system were no longer independent. e vibration of axial threshing cylinders would be coupled and interacted through the frame. In order to study the mutual influence among the vibration of the axial threshing cylinders, the axial trajectory and the vibration of the bearing housing were measured under the condition that the axial threshing cylinders were jointly opened. en the condition of resonance between the cylinders was analyzed, which provided ideas and basis for the research work of multicylinder coupled vibration.
Axial Vibration Test.
Brazinskas et al. measured the rotor-to-rotor interference at the static state in various overlapping propulsion system configurations. ey found that the interference would affect the rotor performance [32] . e axial threshing cylinders could also be considered as rotors. Cylinder II rotated at a constant speed of 760 rpm, and the running state of cylinder I and cylinder III was adjusted. en the axial vibration of cylinder II was measured. Table 5 compares the axial vibration of cylinder II under different conditions.
As shown in Table 5 , cylinder III was closed and the speed of cylinder I was gradually increased from 600 rpm to 1000 rpm. e standard deviation of the horizontal amplitude of cylinder II fluctuated within the interval of 0.105-0.107. e standard deviation of the vertical amplitude of cylinder II fluctuated within the interval of 0.089-0.092.
ere was no linear relationship between the standard deviation and the speed of cylinder I. It is indicated that the change in the speed of cylinder I cannot cause significant changes to cylinder II.
When cylinder I and cylinder II were under constant running state, cylinder III was opened and the rotation speed was almost the same as cylinder I. e standard deviation of the horizontal amplitude of cylinder II fluctuated within the interval of 0.214-0.242, which was twice that before the opening of cylinder III. e standard deviation of the vertical amplitude of cylinder II fluctuated within the interval of 0.214-0.222, which was 2.5 times that before the opening of cylinder III. After cylinder III was opened, the standard deviation did not increase with the increase of the speed of cylinder I and cylinder III. It is indicated that the operation of cylinder III can affect the stability of cylinder II. e increase of cylinder III's speed cannot intensify the instability of cylinder II.
When cylinder II ran at 760 rpm, the speeds of cylinder I and cylinder III were adjusted synchronously.
e axial amplitude of cylinder II is shown in Figure 10 .
As can be seen from Figure 10 (a), the horizontal amplitude of cylinder II was substantially unaffected by the change of the speeds of cylinder I and cylinder III. When cylinder I and cylinder II were opened and cylinder III was closed, the horizontal amplitude of cylinder II was always about 0.6 mm. It did not increase with the increase of cylinder I's speed. When cylinder I, cylinder II, and cylinder III were simultaneously opened, the horizontal amplitude of cylinder II increased to about 1.2 mm. It had no tendency to increase with the increase of the speeds of cylinder I and cylinder III.
As shown in Figure 10 (b), the vertical amplitude of cylinder II was substantially unaffected by the speeds change of cylinder I and cylinder III. When cylinder I and cylinder II were opened and cylinder III was closed, the vertical amplitude of cylinder II always fluctuated between 0.5 mm and 0.6 mm. It did not increase with the increase of cylinder I's speed. When cylinder I, cylinder II, and cylinder III were simultaneously opened, the vertical amplitude of cylinder II increased to 0.95-1.1 mm. It had no tendency to increase with the increase in the speeds of cylinder I and cylinder III. e above results showed that the vibration between the axial threshing cylinders would interfere with each other, but there was no linear relationship between the intensity of the interference and the speed of the axial threshing cylinders.
Vibration Test of Bearing Housing.
According to the finite element method, Shamim and Berezhnoi explained the interference influence of rotor nozzle centrifugal compressor on the shaft [33] . is type of interference also existed on the axial threshing cylinders. In order to explore the influence of the interference on the axial threshing cylinder performance, this paper took the co-frame multicylinder test bench as the subject to investigate. In the case of single axial threshing and double axial threshing cylinders rotating together, the vibration signals at the bearing housing were collected by using the 356A16 three-way acceleration sensors. e interaction between the vibrations of the cylinders was compared and analyzed.
e time-vertical displacement curve at the bearing housing of cylinder II is shown in Figure 11 .
e blue Shock and Vibration e orange curve represented the state in which cylinder II and cylinder III were in motion at the same time. Cylinder II and cylinder III ran at the rated speed.
As shown in Figure 11 (a), in the case where cylinder II and cylinder III operated simultaneously, the vertical vibration at the bearing housing of cylinder II was more severe. As shown in Figure 11(b) , the time-vertical displacement curves were partially enlarged.
e blue curve was a mixed waveform of low frequency and high frequency. e orange curve increased the characteristics of the beat wave. It is indicated that the vibration of cylinder III transmitted through the frame to the bearing housing of cylinder II, and a superposition was produced. Table 6 shows the vertical displacement and standard deviation of the bearing housing of cylinder II.
As can be seen from Table 6 , when cylinder II and cylinder III were operated simultaneously, the amplitude at the bearing housing of cylinder II was increased from 0.661 mm to 0.747 mm.
e standard deviation was increased from 0.097 to 0.131. It shows that the operation of cylinder III intensifies the vibration at the bearing housing of cylinder II. e spectrum diagram in the interval where the amplitude of the orange curve is significantly larger than that of the blue curve is shown in Figure 12 (b). As can be seen from Figure 12 (a), the curves had 13 complete vibration waveforms in 1 s.
e quantity was basically consistent with the excitation frequency of cylinder II. It can be seen from Figure 12 (b) that the energy of the high-frequency interval was strong when cylinder II operated alone. e energy at 13.672 Hz enhanced significantly when cylinder II and cylinder III operated simultaneously. e frequency was basically consistent with the number of waveforms.
e operation of cylinder III intensified the vertical vibration at the bearing housing of cylinder II.
e time-vertical displacement curve at the bearing housing of the cylinder III is shown in Figure 13 . e blue curve represented the state in which cylinder III operated alone.
e orange curve represented the state in which cylinder II and cylinder III were in motion at the same time. Cylinder II and cylinder III ran at the rated speed.
As can be seen from Figure 13 (a), in the case where cylinder II and cylinder III operated simultaneously, the vertical vibration at the bearing housing of cylinder III was more severe. As shown in Figure 13(b) , the timevertical displacement curves were partially enlarged. e blue curve was a mixed waveform of low frequency and high frequency. e orange curve increased the characteristics of the beat wave. It is indicated that the vibration of cylinder II transmitted through the frame to the bearing housing of cylinder III, and a superposition was produced.
e vertical displacement and standard deviation of the bearing housing of cylinder III are shown in Table 7 .
As can be seen from Table 7 , when cylinder II and cylinder III were operated simultaneously, the amplitude at the bearing housing of cylinder III increased from 0.43 mm to 0.528 mm. e standard deviation increased from 0.076 to 0.099. It shows that the operation of cylinder II intensifies the vibration at the bearing housing of cylinder III. e spectrum diagram in the interval where the amplitude of the orange curve is significantly larger than the blue curve is shown in Figure 14 (b). As can be seen from Figure 14 (a), the curves had 13 complete vibration waveforms in 1 s.
e quantity was basically consistent with the excitation frequency of the axial threshing cylinder. It can be seen from Figure 14 e mutual interference and coupling of vibration between cylinder I and cylinder II were analyzed in the same way. e vertical displacement and standard deviation of the bearing housing of cylinder I and cylinder II are shown in Table 8 .
As shown in Table 8 , when cylinder I and cylinder II were operated simultaneously, the amplitude at the bearing housing of cylinder I increased from 0.382 mm to 0.774 mm.
e standard deviation increased from 0.054 to 0.133. e amplitude at the bearing housing of cylinder II increased from 0.409 mm to 0.709 mm.
e standard deviation increased from 0.083 to 0.119. When cylinder I and cylinder II rotated at the same time, their unbalanced vibration had mutual interference and coupling. It caused the vibration at the bearing housings to be intensified.
Zhang et al. analyzed and studied the beat frequency phenomenon in the vibration fault of asynchronous motor through the steps of test analysis and comprehensive diagnosis [34] .
e time-displacement curve in this paper has the same characteristics as those in reference [34] . It confirms the conclusion that there is a beat vibration phenomenon among axial threshing cylinders.
e source of the beat vibration is that the vibrations produced by the cylinders transmitted together and superimposed. 
Conclusion
e theoretical modes were solved by ANSYS Workbench, which showed that the 1st, 2nd, and 3rd modal shape frequency were 20.288 Hz, 62.916 Hz, and 62.922 Hz, respectively. e 1st, 2nd, and 3rd modal shape frequencies were higher than the rotational frequency under no-load state (12.72 Hz) and threshing state (12.5 Hz).
e speed frequencies will not cause the resonance of the axial threshing cylinder. e violent vibration of axial threshing cylinders under threshing state was caused by the vibration coupling and interference. By comparing the axial trajectories and the rotational speeds of cylinder II under no-load state and threshing state, it was found that the rice would reduce the speed of cylinder II from 761−765 rpm to 744−754 rpm under threshing state. e vibration of the transmission shaft was intensified. e main scope of the vibration was shifted. It showed that threshing process affected the speed and stability of the axial threshing cylinder. e rice twined around the axial threshing cylinder and increased the load of cylinder II. So the speed decreased under threshing state. Because the rice twined around the cylinder unevenly, the stability of the cylinder was destroyed.
When cylinder II worked at the rated speed, the horizontal and vertical amplitudes of the transmission shaft were maintained between 0.5 and 0.6 mm after cylinder I was opened. When cylinder III was opened, the horizontal amplitude of the transmission shaft increased to about 1.2 mm. e vertical amplitude increased to 0.95-1.1 mm. e operation stability of cylinder II would be affected by the rotation of cylinder I and cylinder III, but there was no linear relationship between the intensity of the interference and the speed of the cylinders.
By comparing the amplitude of the bearing housing, the disturbance and coupling relationships among the unbalanced vibration of cylinders were analyzed. e amplitude and standard deviation of the bearing housing increased due to the operation of adjacent cylinders. Obvious beat signals could be seen from the time-displacement curve. It shows that the unbalanced vibration of the axial threshing cylinder will transmit through the frame and cause mutual disturbance to occur. Owing to the speeds among the axial threshing cylinders are similar, the rotational frequencies of the axial threshing cylinders will cause the beat phenomenon. e unbalanced vibration of threshing cylinders will intensify.
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